Abstract: High input costs combined with multiple management and material inputs have threatened cotton productivity. We hypothesize that this problem can be addressed by a single fertilization at flowering with late sowing in a moderately populated plant stand. Field experiments were conducted to evaluate the cotton biomass accumulation, phosphorus dynamics, and fiber quality under three planting densities (low, 3 × 10 4 ; moderate, 6 × 10 4 ; and dense, 9 × 10 4 ha −1 ) and two cultivars (Zhongmian-16 and J-4B). High planting density had 6.2 and 12.6% larger stems and fruiting nodes m −2 , while low density produced a 37.5 and 59.4% maximum height node ratio. Moderate density produced 26.4-15.5%, 24.7-12.6%, and 10.5-13.6% higher biomass accumulation rate at the peak bloom, boll set, and plant removal stages over low and high density in both years, respectively. J-4B produced a higher reproductive organs biomass yield when compared with Zhongmian-16 in both years. This higher biomass formation was due to both the higher average (0.8 V T kg·ha −1 ·d −1 ) and maximum (1.0 V M kg·ha −1 ·d −1 ) reproductive organ phosphorus uptake, respectively. Plants with low density had 5.3-18.5%, 9.5-15%, and 7.8-12.8% greater length, strength, and micronaire values over moderate and dense plants, respectively. Conclusively, moderate density with J-4B is a promising option for improved biomass, phosphorus acquisition, and fiber quality under a short season.
Introduction
An expanding population requires global efforts to increase crop production, especially those fulfilling food and clothing needs. On the other hand, high input costs coupled with multiple management and material inputs have threatened cotton productivity. To counter the challenges of high production costs without compromising yield, a new planting model (e.g., moderate planting density, one time low nitrogen fertilization at the first flowering stage under late planted cotton) is proposed. The recommended planting densities in China are 22.7 plants m −2 in the northwest [1] , 5.3-7.5 plant m −2 in the Yellow River Valley [2] , 36 plants m −2 in Xinjiang [3] , and 3-9 plants m −2 in the Yangtze River Valley [4, 5] . Management strategies such as the application of mepiquat chloride [5] , assimilate metabolism at different positions of the canopy [2, 8, 27] . High planting density can increase agronomic nitrogen use efficiency and nitrogen recovery efficiency, but results in poor boll load, delayed late-season leaf senescence, and reduces malondialdehyde [28] . Therefore, the management of planting density can modify options to achieve potential benefits from ecosystem services. Studies regarding cotton growth and lint yield in response to diverse population are common [5, 8, 29] ; however, the effect of planting densities on phosphorus dynamics, biomass partitioning, and fiber quality during key reproductive stages under late planted moderately populated crops with one time low nitrogen fertilization at the first flowering stage remains elusive. This study aimed to explore how growth and nutrient (phosphorus) dynamics influence biomass partitioning and fiber quality at critical reproductive stages in cotton crops under varying planting density.
Materials and Methods

Summary of Experimental Site and Design
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Summary of Experimental Site and Design
A two-year (2017 and 2018) field experiment was conducted at the experimental farm of Guangxi University, Nanning, China. Zhongmian-16 (Zhongmiansuo-16) and J-4B (Gossypium hirsutum) were used as the plant materials. The soil of the experimental site was clay loam with a pH 6.5, organic matter (23.37 mg kg −1 ), available nitrogen (53.3 g kg −1 ), phosphorus (77.6 g kg −1 ), and potassium (50.5 g kg -1 ). The experiments were a two-way factorial, split plot arrangement with four replications. The two factors evaluated were three density levels D1, D2, and D3 (3, 6, and 9 plants/m 2 ) with two cultivars (Zhongmian-16 and J-4B). The cultivars were assigned to the main plots and plant densities were assigned to sub-plots. The mean monthly rainfall and air temperature data were also collected ( Figure  1 ). 
Agronomic Management
Experimental plots were prepared by tractor with the required length and width. All plots were covered with plastic film to conserve moisture and suppress weed emergence. After field preparation, seeds were sown on 5 June in both the 2017 and 2018 growing seasons. Each plot was thinned 20 days after emergence to achieve the required planting density. Nitrogen at 190 kg N ha −1 , phosphorus at 54 kg P ha −1 , and potassium at 180 kg K ha −1 were applied during the first bloom stage in the form of urea (46.3% N), superphosphate (18% P2O5), and potassium chloride (59% K2O) in both years, respectively. Crop management practices were undertaken according to crop demand to ensure that nutrients, light, and water were not limiting in both years. Plant growth regulator (Ethephon) was sprayed to enhance lately formed boll opening and regulate the vegetative growth. 
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Agronomic Management
Experimental plots were prepared by tractor with the required length and width. All plots were covered with plastic film to conserve moisture and suppress weed emergence. After field preparation, seeds were sown on 5 June in both the 2017 and 2018 growing seasons. Each plot was thinned 20 days after emergence to achieve the required planting density. Nitrogen at 190 kg N ha −1 , phosphorus at 54 kg P ha −1 , and potassium at 180 kg K ha −1 were applied during the first bloom stage in the form of urea (46.3% N), superphosphate (18% P 2 O 5 ), and potassium chloride (59% K 2 O) in both years, respectively. Crop management practices were undertaken according to crop demand to ensure that nutrients, light, and water were not limiting in both years. Plant growth regulator (Ethephon) was sprayed to enhance lately formed boll opening and regulate the vegetative growth.
Data Collection
Cotton biomass and phosphorus rates were determined at five developmental stages (squaring, first bloom, peak bloom, boll opening, and plants) and removed from consecutively selected plants in each treatment from four replicates. In addition, plant growth attributes and fiber quality characteristics were also assessed.
Cotton Plant Growth Characteristics
Ten plants per treatment were randomly tagged to measure plant growth characteristics. Plant height was determined from the ground level to the top via a specially designed ruler. Node numbers m −2 were counted from ten randomly chosen plants. The height to node ratio was assessed by dividing the plant height by the number of nodes.
Biomass Partitioning
Five plants were selected at five developmental stages from each treatment of four replicates in both years. These plants were carefully uprooted and the roots washed with clean water. Plants were divided into vegetative and reproductive structures and enveloped separately. Dry weights of these materials were assessed after drying in an electric fan-assisted at 105 • C for 30 min and at 80 • C for 48 h until a constant weight was obtained
Measurements of Fiber Quality Parameters
Cotton fiber quality traits included: fiber length (Len, mm), fiber strength (FS, cNtex −1 ), fiber uniformity (FU, %), and micronaire (MI). Fiber length was assessed by the water washing method using a Y-146 cotton fiber photometer (Taicang Electron Apparatus Co. Ltd., Suzhou, China). An Uster High Volume Instrument (HVI) 1000 Classing (Uster Technologies AG, Uster, Switzerland) was used to measure the cotton fiber strength and micronaire of the harvested bolls. Fiber uniformity (%) and elongation (%) was measured by the Supervision, Inspection, and Test Center of Fiber Quality in Anyang, Henan Province.
Phosphorus Acquisition
Dried plant samples were ground using a Wiley mill and screened through a 0.5 mm sieve. Total phosphorus concentration was assessed using the micro-Kjeldahl method [30] . A 0.5 g sample was digested for about 1 h in concentrated sulfuric acid plus 4 mL of hydrogen peroxide. The solution was cooled down and transferred to a 10 mL tube. Phosphorus content was measured colorimetrically using a spectrophotometer (Shanghai Precision and Scientific Instrument Co. Ltd. Production). The concentration of phosphorus was shown on a dry weight basis. P acquisition was determined as the product of concentration and dry weight. Cotton plant phosphorus acquisition was modeled by a logistic regression model [31] as follows:
In Equation (1), t (d) indicate the days after emergence (DAE), Y represents phosphorus at time t, K is the maximum phosphorus, and a, b are the constants to be determined.
where V m (g d −1 ) is the highest phosphorus acquisition rate and t m (d) is the largest phosphorus acquisition period, which begins at time t 1 and ends at t 2 . Y 1 and Y 2 are phosphorus at t 1 and t 2 ; V t is the average phosphorus accumulation (i.e., t 1 -t 2) . The purpose of this logistic function was to assess the maximum dry matter, maximum phosphorus accumulation, and time to which maximum dry matter and maximum growth rate are achieved.
Statistical Analysis
Data were analyzed using Statistics 8.1 software to evaluate the planting density and cultivar effects on cotton growth, biomass accumulation, phosphorus acquisition, and fiber quality. Planting densities and cultivars were taken as fixed effects and cropping season as the repetitive measured factor with a fixed effect. Similarly, the interaction was taken as the fixed effects and treatment × replication interaction was taken as the random effect. The mean differences among the treatments were calculated using the least significant difference test at the 5% probability level.
Results
Cotton Plant Growth Attributes
Cotton plant height, fruiting nodes numbers m −2 , and height to node ratio were significantly affected by density, cultivar, and year (p < 0.05). In addition, the interaction of density × variety on plant height, fruiting nodes numbers m −2 , and height to node ratio were also significant whilst year × density, year × variety, and year × density × variety interactions were nonsignificant (Table 1) . Plant height, fruiting nodes density m −2 , and height to node ratio were considerably influenced by planting densities and cultivars in both years, respectively (Figure 2A-C) . Within the planting densities, densely populated crops produced taller stems ( Figure 2A ) and a higher number of fruiting nodes m −2 ( Figure 2B ) than the low and moderate density plants in both years. However, the height to node ratio ( Figure 2C ) was significantly decreased under high density crops than in low and moderately populated crops in both cropping seasons. Across the cultivars, J-4B had more fruiting nodes ( Figure 2E ) and height to node ratio ( Figure 2F ) than the Zhongmian-16 cultivar. Agronomy 2019, 9, x FOR PEER REVIEW 6 of 18 ns, non-significant; * Significant at the p < 0.05 level and ** Significant at the p < 0.01) level.
Biomass Yield
Cotton plant biomass production was significantly affected by planting density, cultivar, and year factor at squaring, first bloom, peak bloom, and plant removal, while the year effect at first bloom and peak bloom stage remained insignificant (p < 0.05, Table 1 ). In addition, no significant interactions of density × variety, year × density, year × variety, and year × density × variety on the total plant biomass accumulation were observed. Planting densities, cultivar, and year strongly influenced the total plant biomass accumulation rate in both years, however the biomass yield was lower in 2017 over the 2018 growing season (Figure 3) . Plant biomass production increased with plant development, although differences existed among the treatments. Plants under high density attained a higher biomass yield during all growth phases when compared with low and moderate crops in both years. In 2017, J-4B had a higher total biomass than Zhongmian-16 only at the squaring stage, although biomass accumulation was significant throughout the crop growth in 2018 (e.g., 29.2%, 28.6%, 13.3%, and 16.2% at first bloom, peak bloom, boll set, and plant removal stage, respectively) ( Figure 3 ).
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Fiber Quality
Planting densities induced significant changes in the fiber quality parameters in both years (Table 2 ). Significant interactions of planting density × cultivar on fiber, length, and strength was observed (p < 0.05). The planting year had no significant main or interactive effect on the fiber quality traits. An increment in plant density significantly decreased the fiber length (mm), strength (cN/tex), and micronaire value. Plants under low density had greater length, strength. and micronaire when compared with the high planting density. Planting density had no significant effect on elongation (%) and uniformity index (%) in both years. Across the cultivars, Zhongmian-16 had better fiber strength compared to J-4B; but the fiber length, micronaire elongation (%), and uniformity index remained unaffected in 2017. The interaction between density and cultivar was significant for the fiber length, strength, and micronaire in 2017. Zhongmian-16 under low density produced better length, strength, and micronaire followed by the other counterparts. Under high density plants, the uniformity index increased considerably over low and moderate crops, but the strength and elongation (%) remained unaffected in the 2018 growing season. 
Phosphorus Accumulation
Both cultivar and planting density considerably influenced cotton plant phosphorus (P) accumulation at different growth stages ( Figure 6 ). Significant changes in P acquisition were noted under different planting densities. Cotton plant total P accumulation rates reached its peak during the boll opening stage, but remained stable at the plant removal stage under densely populated plants compared with moderate and low density. J-4B had a higher P accumulation when compared with the Zhongmian-16 cultivar. With increasing planting density, cotton plant vegetative organ P accumulation was significantly increased, and the P uptake of Zhongmian-16 was lower than that of the J-4B cultivar ( Figure 6 ). The differences among the treatments were larger when the plant transitioned from one stage to another. Similar to total plant P accumulation, high density resulted in greater vegetative P accumulation rates when compared with low and moderate density. Across cultivars, the P accumulated rate for Zhongmian-16 slowed more than that of J-4B over time.
P acquisition in reproductive structures was increased in the early growth stages and then decreased later in the season. The rate of P accumulation remained similar at the squaring and first bloom stage across the treatments. As the plant growth proceeded toward maturity, the differences between the treatments became clearer. Moderate planting density had a higher reproductive organ P uptake at all developmental phases than those of low and high density crops. Between the cultivars, J-4B accumulated more reproductive organ P at the first bloom, peak bloom, boll opening, and plant removal stages over Zhongmian-16. 
Simulation of Phosphorus Uptake
Simulation of phosphorus (p) acquisition with days after emergence was assessed using Equation (1) . The determination of the coefficient was significant when p values were <0.005 with changes in the equation coefficients among the treatments (Table 3) . Cotton plant p accumulation was calculated using Equations (2) and (4), which show the start and termination day of cotton plant P acquisition under different planting densities and cultivars, as shown in Table 4 . Crops under high density conditions had a higher average and maximum P uptake rate followed by moderate and low density crops, respectively. Furthermore, the J-4B cultivar coupled with higher density (D3V2) had a fast P accumulation rate at 78 days after emergence (DAE) and terminated at 98 DAE followed by D2V2 > D2V1 > D1V2 > D1V1, respectively. J-4B with high density showed both a higher average (1.9 VM kg ha −1 d −1 ), and maximum (2.2 VM kg ha −1 d −1 ) total plant P accumulation rate when compared with other counterparts (Table 4) . Zhongmian-16 with low density resulted in a lower average and maximum rate of P accumulation during the whole crop cycle. 
Simulation of phosphorus (p) acquisition with days after emergence was assessed using Equation (1) . The determination of the coefficient was significant when p values were <0.005 with changes in the equation coefficients among the treatments (Table 3) . Cotton plant p accumulation was calculated using Equations (2) and (4), which show the start and termination day of cotton plant P acquisition under different planting densities and cultivars, as shown in Table 4 . Crops under high density conditions had a higher average and maximum P uptake rate followed by moderate and low density crops, respectively. Furthermore, the J-4B cultivar coupled with higher density (D3V2) had a fast P accumulation rate at 78 days after emergence (DAE) and terminated at 98 DAE followed by D2V2 > D2V1 > D1V2 > D1V1, respectively. J-4B with high density showed both a higher average (1.9 V M kg ha −1 d −1 ), and maximum (2.2 V M kg ha −1 d −1 ) total plant P accumulation rate when compared with other counterparts (Table 4) . Zhongmian-16 with low density resulted in a lower average and maximum rate of P accumulation during the whole crop cycle. Moreover, planting densities induced changes in the vegetative organ P accumulation progress during the whole growth season. The high vegetative organ P accumulation period for D3V2 treatment was initiated at 57 DAE and terminated at 98 DAE. The J-4B cultivar in combination with high density had both the highest average (0.8 V T kg ha −1 d −1 ) and maximum (1.0 V M kg ha −1 d −1 ) P acquisition rate followed by D2V2 > D2V1 > D1V2 > D1V1, respectively.
Similarly, the reproductive organ P accumulation rate was considerably influenced by the changes in planting density (Table 4) . High planting density significantly decreased reproductive organ P acquisition when compared with low and high density crops. Reproductive organ P uptake of J-4B at a moderate density began the fast accumulation period at 54 DAE and terminated at 82 DAE with relatively higher average (0.8 V T kg·ha −1 ·d −1 ) and maximum (1.0 V T kg·ha −1 ·d −1 ) rates compared with the other treatments.
Discussion
The main objective of this study was to determine how planting density influenced cotton plant fiber quality, biomass yield, and phosphorus distribution at various developmental stages under moderately populated cotton with the single fertilization of late planted cotton. An efficient biomass production is the prerequisite for cotton lint yield formation. In this study, the biomass accumulation rate was higher in 2017 when compared with the 2018 growing season, which might be due to adverse environmental conditions in 2018 (Figure 1 ) that negatively influenced all plant performance. High planting density had a higher total and vegetative organ biomass rather than reproductive structure biomass. Moderately populated plants had a significantly higher reproductive organ biomass yield over low and high density crops. Planting density did not influence reproductive organ biomass accumulation during the early growth phases, but the boll filling stage was significantly affected by planting density. The increment in reproductive biomass accumulation may be associated with greater reproductive organ phosphorus acquisition with sustained reproductive organ formation. The tissue nutrient concentration indicates plant nutrient status and is used in the estimation of utilization efficiency in dry matter formation [32] . More potassium uptake can sustain reproductive organ formation under medium crops [8] and nitrogen acquisition can improve the leaf photosynthetic capacity of moderately populated crops [27] . Higher biomass under dense population was the result of more plants per unit area with a larger canopy structure and vegetative growth. These data are consistent with previous research where dense plants result in greater biomass yield [33, 34] . Low reproductive organ production in densely populated crops may be associated with low light transmission to the lower parts of plant, which led to reduced temperature and increased relative humidity within the plant canopy, which in turn increased fruit shedding when compared with other treatments; thus both dense and low planting density had decreased reproductive structure production [35] . Between the cultivars, J-4B had higher total and reproductive organ biomass accumulation rates when compared with Zhongmian-16. The increase in biomass formation for J-4B might be due to the higher fruiting node number, which was observed in this study. Second, the variation in biomass formation might be associated with the genetic variability in plant growth.
Soil phosphorus availability plays a crucial role in sustaining plant growth and physiological functioning. However, plant nutrient acquisition varies in the amount and rate with the plant flourishment [36] . In the present study, plants under high density had higher total phosphorus accumulation at various developmental stages. This increment might be associated with the plant competitiveness for available resources, which in turn, increased phosphorus acquisition. Phosphorus deficient crops led to a decline in the phosphorus and nitrogen utilization efficiency of biomass formation, and was mainly attributed with a reduction in the biomass relative to the tissue phosphorus concentration [37] . Phosphorus utility is mainly restricted by phosphorus absorption and accumulation in different organs [22, 38] . The assimilate formation and allocation toward plant organs were closely related with phosphorus utility [39] . Higher P accumulation promoted assimilate production [40] . P accumulation can alter leaf nitrogen, which in turn increases assimilated formation and sucrose accumulation in the leaf [40] . Despite a higher rate of nutrient uptake per unit area, plants under high density may have lower nutrient accumulation on a single plant basis [36] . Similarly, densely populated crops favor higher nitrogen accumulation in vegetative structures at early developmental phases, but crops at a moderate density result in more nitrogen in the reproductive organs [41] .
Cotton canopy architectural characteristics include the size, shape and orientation of shoots, plants resistance to pests, adaptability, plant density, and cultivar requirements [42] . In this study, the planting density and variety significantly changed the cotton plant morphological characteristics. Generally, densely populated crops produced taller stems and more fruiting branches with a lower height to node ratio than in the low and medium density crops. This could be attributed to the late season boll load rather than early season, which is consistent with the previous findings of [42] . However, these characteristics were negatively affected on an individual plant basis for J-4B, which had more fruiting branches, a greater height to node ratio, and produced smaller plants when compared with Zhongmian-16. The increments in these parameters may be associated with cooler night temperatures that promote fruiting branch initiation and buds and the increase in competitiveness between plants for available resources [29, 43] . Plant growth attributes suggest that reducing plant density can be used as an additional management option in conjunction with the use of plant growth regulator to help control plant height.
Cotton fiber is initiated from a single cell on the external epidermis of seeds at anthesis. Fiber quality parameters are strongly influenced by planting density and the cultivar [44] , or environmental factors [45] . In the present study, planting density and variety had a significant effect on cotton fiber quality traits. Low or moderately dense plants were the most beneficial and produced longer fiber length, strength, and greater micronaire values when compared with high density. The cotton fiber elongation (%) and uniformity index (%) remained unaffected. The improved fiber attributes might be attributed to greater reproductive structure P acquisition during the flowering stage, which led to a higher source to sink ratio and promoted boll development when compared with high density. Our data are in good agreement with [46] , who also reported desirable fiber micronaire and length at low density compared with high density. The lower fiber quality under high density might be due to the lower photosynthetic rate, which resulted in a low carbohydrate supply during fiber formation. Lower plant population levels can reduce fiber length at the canopy level with respect to fruiting position [47] . Conversely, [29] suggested that a longer fiber length and lower uniformity percentage could be achieved under high density crops.
Conclusions
In the present study, sowing density and cultivar considerably influenced the growth and physiology of the cotton crop. Moderate density plants resulted in higher reproductive structure biomass accumulation at the peak bloom, boll set, and maturity stage when compared with high density crops. This gain in reproductive organ biomass formation under moderate density was the result of greater phosphorus uptake at different developmental stages. Planting density did not influence reproductive organ biomass accumulation during the early reproductive phase, but the boll filling was significantly affected by planting density. An increment in sowing imposed adverse effects on the fiber quality characteristics. Low or moderate density crops produced a higher fiber quality than high density crops. In conclusion, the J-4B cultivar at moderate density (6 × 10 4 ha −1 ) is a good management strategy in terms of improved biomass formation, phosphorus uptake, and fiber quality with once only nitrogen fertilization during the flowering stage under a short growing season in subtropical regions in China. 
